According to the dopamine (DA) hypothesis of schizophrenia and the strong evidence for decreased cerebral lateralization in schizophrenic patients, we postulated that hyperactivity of the dopaminergic system could be associated with a reduced behavioral lateralization in mice. Mice lacking the dopamine transporter (DAT) gene were used as a genetic model of persistent hyperdopaminergia. The DAT null mutation was transferred on C57BL/6JOrl (B6) and DBA/2JOrl (D2) inbred backgrounds for more than 10 generations of backcrossing to derive three DAT strains, B6, D2, and B6 Â D2(F 1 ). Adult mutant mice of the three DAT strains and their littermates were tested for paw preference using Collins' protocol. Our results demonstrated that, whatever the genetic background, persistent hyperdopaminergia directly impairs the degree of lateralization without affecting the direction. Our results support the degree of lateralization as a good candidate phenotype to further improve genetic analysis of cerebral lateralization in normal and pathological conditions. Neuropsychopharmacology Keywords: schizophrenia; direction and degree of asymmetry; paw preference; knockout mice; cocaine
INTRODUCTION
Anomalies in behavioral, neuroanatomical, and neurophysiological asymmetry have been widely documented in schizophrenic patients, supporting lateralization as a good candidate symptom that could contribute to clarifying schizophrenia heterogeneity (Leboyer et al, 1998) . A metaanalysis of 19 studies on schizophrenia showed that the prevalence of non-right-handedness was significantly higher in patients than in healthy subjects (Sommer et al, 2001) . Similarly, in the meta-analysis of three prospective followup studies, pre-schizophrenic subjects were significantly more often non-right-handed than the general population (Sommer et al, 2001) . Furthermore, in vivo imaging studies of schizophrenia have provided evidence that the right-left asymmetry of the dopamine (DA) synthesis capacity and of the dopamine transporter (DAT) binding in the caudate are both lost in antipsychotic-naive patients (Hietala et al, 1999 (Hietala et al, , 1995 Hsiao et al, 2003; Laakso et al, 2000) . In addition, neuroleptics are able to change the balance of hemispheric activity, thus improving left-hemispheric attentional processes (for a review, see Gruzelier, 1999) , and a recent study demonstrated that haloperidol-induced downregulation of DA synthesis was significantly greater in the left than in the right striatum (Grunder et al, 2003) . Finally, a highly significant correlation was reported between depressive symptoms in antipsychotic-naive schizophrenia and DA synthesis capacity in the left striatum (Hietala et al, 1999) .
Taken together, these data support the hypothesis of a potential link between cerebral lateralization and schizophrenia, and suggest that abnormal asymmetry of the dopaminergic transmission could be one of the key neurobiological substrates for this functional relationship. Based on the DA hypothesis of schizophrenia, which attributes the positive schizophrenic symptoms to a hyperdopaminergic state (Carlsson and Lindqvist, 1963; Snyder, 1976) , and the decreased lateralization in schizophrenic patients (Sommer et al, 2001) , we hypothesized that hyperactivity of the dopaminergic system could be associated with a reduced functional brain asymmetry.
In the present study, we tested this hypothesis using knockout (KO) mice for the DAT gene (Giros et al, 1996) , which are a genetic model of persistent hyperdopaminergia . Indeed, mutant DAT-KO exhibit extremely high levels of DA synthesis and turnover, with a greatly prolonged (300-fold) extracellular lifetime of DA, resulting in a five-to 10-fold increase in basal extracellular DA levels in the striatum (Jones et al, 1998) and nucleus accumbens (Spielewoy et al, 2000a) .
Several studies have provided strong evidence that alterations in DAT-mediated processes could significantly contribute to the pathogenesis of several neurological and psychiatric disorders; in particular, the DAT has received considerable attention as a candidate gene in genetic studies of schizophrenia and attention-deficit hyperactivity disorder (Torres et al, 2003) .
Like handedness in humans, paw preference in mice, as assessed in a food-reaching task, has been widely used as a robust index of functional brain asymmetry to dissect out the genetic and physiological mechanisms underlying lateralization (Cabib et al, 1995; Collins, 1975 Collins, , 1985 Denenberg et al, 1991; Nielsen et al, 1997; Nosten et al, 1989; Signore et al, 1991b) .
In a recent study, we reported that the genetic background of mice dramatically affects the phenotypic expression of the DAT mutation, both at the physiological and behavioral levels. For example, depending on the genetic background, it was possible to restore previously reported deficits in DAT-KO mice, such as survival, growth rate, and ability to lactate (Morice et al, 2004) . In order to take the genetic background into account, behavioral lateralization was tested in three DAT strains that were obtained following backcrossing of the mutation on C57BL/6JOrl (B6) and DBA/2JOrl (D2) inbred strains (Morice et al, 2004) . These progenitor strains were chosen because they are among the most genetically, physiologically, and behaviorally contrasted inbred strains (Atchley and Fitch, 1991; PuglisiAllegra and Cabib, 1997) . In terms of handedness, B6 have been described as strongly lateralized, whereas D2 were found to be ambidextrous (Biddle et al, 1993; Signore et al, 1991a) .
MATERIALS AND METHODS

Animals and Housing Conditions
Homozygous DAT-KO mice were obtained by homologous recombination as described previously (Giros et al, 1996) . Heterozygous (HT) DAT mice were backcrossed for more than 10 generations with mice of the C57BL/6JOrl (B6) inbred strain to derive the B6-DAT congenic strain, and with mice of the DBA/2JOrl (D2) inbred strain for the D2-DAT congenic strain (Orléans, La Source, France). In addition, B6-DAT-HT females were crossed with D2-DAT-HT males to obtain the hybrid B6 Â D2F 1 genetic background, referred to as F 1 -DAT (Morice et al, 2004) . For the three DAT strains, homozygous null mutants and their wild-type (WT) and HT littermates were obtained from the mating of DAT-HT mice. The genotype of the mice was determined by polymerase chain reaction (PCR) analysis as described previously (Carboni et al, 2001 ). Animals were weaned at 4 weeks and were then housed two to four per cage, per litter, and per gender under standard conditions, with food and water available ad libitum. Experiments were conducted during the light phase of a 12-h light/dark schedule, with lights on at 0730 h. Within each experiment, animals were pseudo-randomized for genetic background, genotype, gender, and treatment.
For the study of cocaine-induced hyperdopaminergia, males of the C57BL/6JIco (B6) strain, 6 weeks old, were obtained from Charles River laboratories (L'Arbresle, France).
Experiments were carried out in accordance with the European Communities Council Directive (86/809/EEC) regarding the care and use of animals for experimental procedures and approved by the local ethical committee.
Paw Preference Test
Animals were tested for behavioral lateralization between 10 and 18 weeks of age, using Collins' protocol and apparatus (Collins, 1991; Signore et al, 1991b) . Mice were deprived of food for 2474 h and then placed individually in a transparent plastic testing chamber (10.5 Â 6 Â 6 cm). Small pieces of regular food were introduced in the cylindrical tube (0.9 cm in diameter) perpendicular to the front of the box and equally accessible using the right or left paw. Mice were observed individually for a total of 50 consecutive reaches for food. Latency of the first reach and duration to complete the test were recorded for each individual. Animals that did not start the test within a maximum of 60 min or that failed to complete the 50 reaches within an additional 60 min period were given a second trial one week later. A maximum of four trials were given per mouse. Subjects were assigned a score representing the direction of lateralization and expressed as the number of right paw entries (RPEs), with right-handed mice having an RPE score higher than 25, and left-handed mice, an RPE score lower than 25 (Collins, 1991) . Scores for the degree of handedness were given by the absolute value of the difference between the number of entries with right and left paws noted |RÀL|. Since 50 reaches for food were observed per mouse, the |RÀL| variable is limited to even values between 0 and 50. Strongly lateralized (high) mice have |RÀL| scores between 46 and 50, whereas ambidextrous (low) individuals have |RÀL| scores p30. Mice in the intermediate (medium) group scored between 32 and 44. These criteria correspond to those used by Collins (1991) to select the two lines for the degree of lateralization. The initial studies in genetically uniform mice have shown that these measures of paw preferences in mice are enduring and not task specific (Betancur et al, 1991; Biddle and Eales, 1996; Collins, 1985; Nosten et al, 1989; Signore et al, 1991a, b) .
Effect of Cocaine on Paw Preference
Males of the C57BL/6JIco (B6) inbred strain (n ¼ 121) were split into two identical groups according to their initial scores of behavioral lateralization and were submitted to a second test of lateralization immediately after an acute injection (IP, 10 ml/kg) of either cocaine hydrochloride (20 mg/kg, Cooper, France) or saline (NaCl 0.9%).
Statistical Analyses
As the right paw entry (RPE) and |RÀL| scores did not follow a normal distribution, statistical analyses were carried out using nonparametric tests (StatView software, Abacus). Multisample tests were carried out using the Kruskal-Wallis test. The Mann-Whitney rank sum test was used to compare quantitative variables between two groups. Proportions were compared using the w 2 test. For latency and duration of the test, data were subjected to factorial two-way ANOVA with genetic background, genotype, and treatment as between-groups factors and test as withingroup factor. Significant main effects were analyzed further by post hoc comparisons of means using Newman-Keuls test. Only significant statistical tests are reported in the text, with the significance established at a P-value o0.05.
RESULTS
Latency and Duration of the Test
As illustrated in Figure 1 , mice of the B6-DAT strain exhibited a significant increase in the latency to initiate the paw preference test and took longer to complete the 50 reaches for food compared to the other two strains. Furthermore, both scores were dramatically increased in DAT-KO compared to their WT and HT littermates. We observed that the percentage of B6-, F 1 -, and D2-DAT-KO that initiated the test within less than 10 min was very low (21, 65, and 48%, respectively) compared to that of the WT (87, 98, and 93%), or the HT (73, 98, and 98%). Similarly, while most of the WT and HT individuals of the B6-, F 1 -, and D2-DAT strains completed the test within less than 20 min (80, 98, and 93% in the WT; 85, 95, and 85% in the HT), the percentages were dramatically reduced in the KO mice (24, 27, and 52%). Although the genotype-background interaction for the latency was not significant, we observed that B6-DAT-KO only took four-fold more time to initiate the test than their WT littermates, while mutants of the F 1 -and D2-DAT strains took five-and six-fold more time, respectively, than their respective controls.
Direction and Degree of Lateralization
As shown in Table 1 , no overall effects of the genotype or of the genetic background were observed for the direction of lateralization. Whatever the genetic background and the genotype, there were as many right-handed (RPE425) as left-handed subjects (RPEo25) in all groups of mice.
For the degree of lateralization, however (Figure 2a ), both the genetic background (Kruskal-Wallis, H 2 ¼ 13.2, Po0.01) and the genotype (H 2 ¼ 52.4, Po0.001) were significant. Partial comparisons revealed that WT of the B6-and F 1 -DAT did not differ and were significantly more strongly lateralized than WT of the D2-DAT strain (MannWhitney, z ¼ 2.04, Po0.05; z ¼ 2.25, Po0.05, respectively). Strikingly, for the three genetic backgrounds, DAT-KO mice Behavioral lateralization in DAT-KO mice E Morice et al were significantly less lateralized than both their WT and HT littermates. The leftward shift of the KO distributions was comparable among the three DAT strains, so that the B6-DAT-KO remained more strongly lateralized than the D2-DAT-KO (Mann-Whitney, z ¼ 2.2, Po0.05). Finally, as illustrated in Figure 2b , the proportions of strongly lateralized, ambidextrous, and intermediate individuals of the three B6-, F 1 -, and D2-DAT strains differed significantly between KO and their WT and HT littermates.
Test-Retest Experiment
As a result of constitutively enhanced dopaminergic tone, DAT-KO mice have been described to exhibit a high novelty-driven hyperactivity ) that could interfere with their behavior in the testing chamber box and be responsible of an initial ambidextrous behavior. In addition, DAT-KO had jerkier and less precise movements compared to the WT; this reduced skill could have modified the behavioral expression of their lateralization. In order to rule out these two possibilities, we carried out a test-retest experiment to compare the behavioral evolution among ambidextrous mice of the three genotypes. Individuals of B6-DAT strain were selected for their low ambidextrousness (|RÀL|o30). These animals were further submitted to three additional paw preference tests at 1-week intervals (Figure 3) . We observed that the genotype and test factors as well as their interaction significantly affected both the latency and the duration of the test. DAT-KO improved their scores along successive tests and, at the fourth test, they did not differ any more from their WT and HT littermates, neither for the latency nor for the duration of the test. For the degree of lateralization, however, the test factor alone was significant (ANOVA, F 3,176 ¼ 14.4, Po0.0001): ambidextrousness evolution was similar among the three genotypes.
Effect of Acute Cocaine Administration on Paw Preference
Ambidextrous behavior observed in the DAT-KO adults could be the long-lasting expression of a developmentally altered brain asymmetry in response to the constitutively high dopaminergic tone. However, this ambidextrous behavior could also be functionally associated to the hyperdopaminergic tone at the very time of the test. We thus tested whether an acute cocaine-induced hyperdopaminergia could affect behavioral scores of mice in the paw preference test. Following an acute injection of cocaine (20 mg/kg), mice from the C57BL/6JIco (B6) strain exhibited a significant increase in the latency to initiate the test and took longer to complete the 50 reaches for food compared to saline-treated animals (Figure 4a) . Moreover, 14 out of 60 (23.3%) cocaine-treated animals did not complete the test. However, in terms of lateralization, cocaine treatment did not significantly modify the direction of lateralization: we observed as many right-handed mice in saline-treated as in cocaine-treated groups (0.46 vs 0.54, respectively). In addition, despite the absence of significant effect of cocaine treatment, the distribution of the degree of lateralization in the cocaine-treated group was roughly flat compared to the J-shaped distribution in the saline group and we observed approximately twice as much low lateralized animals (L) in the cocaine group compared to the saline group (Figure 4b) .
Finally, we noted that, following the saline injection, none of the strongly lateralized mice became ambidextrous and only 10% of the intermediate group became low, whereas, following the cocaine treatment, 12% of the high mice became low and 33% intermediate became low under cocaine. It is worth noting that cocaine-treated animals that did not complete the test were equally distributed among the three classes.
DISCUSSION
The present findings clearly demonstrate that hyperactivity of the dopaminergic system is associated with a loss of behavioral lateralization, as tested in the paw preference test in DAT-KO mice. This decrease in lateralization was observed for the three DAT strains that are normally contrasted for their degree of paw preference. Indeed, WT mice of the B6-DAT strain were found to be more strongly lateralized than the D2-DAT, as previously described for the B6 and D2 inbred strains of mice (Biddle et al, 1993; Signore et al, 1991a) . In addition, the DAT-F 1 hybrid strain was similar to its highly lateralized B6 parental strain, supporting a dominant model for the higher degree of lateralization. For the three strains, the DAT-HT mice did not differ from their WT littermates, indicating that their intermediate molecular dopaminergic status (Giros et al, 1996 ; Jones et al, Figure 3 Latency, duration, and degree of lateralization of ambidextrous (|RÀL|p30) mice as measured in a test-retest experiment with WT ( þ / þ ), HT ( þ /À), and KO (À/À) mice of the B6-DAT strain (n ¼ 15-16 mice per group). Horizontal lines in the right-handed panel indicate the criteria defining high (|RÀL|X46) and low (|RÀL|p30) lateralization scores. ANOVA for the latency: genotype, F 2,176 ¼ 16.8, Po0.0001; test, F 3,176 ¼ 42.7, Po0.0001; and interaction F 6,176 ¼ 7.36, Po0.0001; for the duration: genotype, F 2,176 ¼ 27.1, Po0.0001; test, F 3,176 ¼ 11.9, Po0.0001; and interaction F 6,176 ¼ 11.2, Po0.0001. Data points depict mean7SEM. Sora et al, 2001 Sora et al, , 1998 was not sufficient to modify the behavioral expression of cerebral asymmetry, or that the paw preference test was not sensitive enough to detect any subtle lateralization deficit. We have previously demonstrated that, depending on the phenotypes, the B6, D2, and F 1 genetic backgrounds are extremely contrasted in their ability to compensate for the absence of DAT (Morice et al, 2004) . For instance, whereas the mutation was extremely deleterious when expressed on the B6 genetic background, with mutants exhibiting premature death and inability to lactate, the two other backgrounds were able to compensate to such an extent that premature death was completely abolished in F 1 -DAT-KO mice and lactation was maintained in both D2-and F 1 -DAT-KO females. Similarly, the genetic background was able to modulate both the quantitative and qualitative expressions of the most obvious behavioral phenotype of DAT-KO mice, their spontaneous hyperactivity (Morice et al, 2004) . In contrast, in the present study, we observed a similar leftward shift of the distribution of the degree of lateralization for the KO mice of the three DAT strains, indicating that, whatever the genetic background, the hyperdopaminergic status affects the degree of lateralization to the same extent. Consequently, the initial phenotypic difference between the two progenitor strains was maintained in the DAT-KO.
Behavioral lateralization in DAT-KO mice
DAT-KO mice were previously shown to display a reduced rate of habituation of exploratory locomotor behavior when exposed to a novel environment (Mead et al, 2002; Spielewoy et al, 2000b) . In our test-retest experiment, DAT-KO mice improved the time taken to initiate and complete the task, and they performed the task with the same efficiency as controls after four tests. Since DAT-KO mice exposed several times to the testing chamber before the test did not perform better than naive DAT-KO mice (data not shown), our results demonstrate that hyperdopaminergia does not prevent habituation when the experimental condition involves individual survival. Despite the improved attentional and motor behaviors, the population of ambidextrous KO mice remained ambidextrous, supporting that the ambidextrousness of DAT-KO is not dependent on their initial hyperactivity, distractibility, or reduced motor coordination. These data are in agreement with Collins' results, showing that paw preference in mice is robust and independent of the postural/motor response imposed by the test (Collins, 1985) . Similarly, the slight but significant increase of the degree of lateralization in ambidextrous mice with time was expected according to Collins' (1985) analysis showing that the expression of lateralization is more labile in weakly lateralized individuals.
In addition to their obvious hyperactivity and reduced behavioral lateralization, DAT-KO mice exhibit heightened rates of stereotypies and a perseverative pattern of motor, social, and cognitive responses Ralph et al, 2001; Rodriguiz et al, 2004) that are also vulnerability traits contributing to the schizophrenic syndrome (Gainetdinov et al, 2001) . Moreover, DAT mutant mice also exhibit sensorimotor gating deficits as measured by prepulse inhibition (PPI) of the acoustic startle reflex (Ralph et al, 2001) , which is considered a useful model for studying the neurobiology of impaired sensorimotor gating in schizophrenia, with good face, predictive, and construct validity (Swerdlow et al, 1994) . Future pharmacological and genetic studies of these deficits using DAT-KO mice of different genetic backgrounds could help identify common and specific neurobiological substrates and understand the potential relationships between impaired asymmetry and cognitive deficits. In addition, the recent identification of a functional polymorphism in the tryptophan hydroxylase-2 (Tph2) gene, responsible for a 45% difference in striatal 5-HTP synthesis between B6 and D2 mice (Zhang et al, 2004) , illustrates the power of the genetic analysis of DAT-KO mice of different genetic backgrounds (Morice et al, 2004) to detect modifier genes that can contribute to individual differences in the susceptibility to complex disorders such as schizophrenia.
In the present experiments, cocaine, used in inbred B6 mice to induce an acute hyperdopaminergic tone at the time of the test, was shown to interfere with both the latency and the duration of the test, but had only a mild effect on the degree of behavioral lateralization. These results are in agreement with those obtained in the test-retest experiment since the two variables that are sensitive to the acute hyperdopaminergia, latency and duration, were also shown to improve with habituation. In contrast, the degree of lateralization, which is a more stable variable, appears to be more dependent on the constitutive hyperdopaminergia. This differential effect could also be due to the fact that these phenotypes are not affected by the same dose of cocaine. However, a dose-response study indicated that this was the highest dose at which most animals were able to complete the test (data not shown). Additional pharmacological manipulation of the DA system will thus be necessary to further identify the underlying relationship between the constitutive hyperdopaminergia and the loss of functional lateralization.
Behavioral and brain structural asymmetries can be defined by both a dimension of directionality (right/left) and a dimension of magnitude (strongly/weakly lateralized).
Collins' experiments on lateralization in mice clearly established that refocusing research on the study of the degree of asymmetry significantly contributed to better understanding the extent to which genetic factors influence the expression of asymmetry (Collins, 1985) . Research on lateralization in psychiatry, like in basic neurobiology, has long remained predominantly focused on the dimension of directionality, and it is only recently that a shift to the degree of lateralization has proved to be productive (Satz and Green, 1999) . Ambidextrousness and mixed-handedness were found to be powerful predictors of reading disability and psychosis, and were over represented in a subgroup of schizophrenic patients with greater cognitive compromise (Cannon et al, 1997; Crow et al, 1996; David et al, 1995; Satz and Green, 1999) . Recent studies in schizophrenia support a decreased cerebral asymmetry rather than altered directional asymmetry as the potential candidate phenotype of abnormal lateralization that could contribute to individual susceptibility to schizophrenia (Sommer et al, 2001) . In vivo imaging studies also pointed to the loss of asymmetry as a candidate marker to better characterize schizophrenia-associated deficits (Hietala et al, 1999 (Hietala et al, , 1995 Hsiao et al, 2003; Laakso et al, 2000) . Our data, showing that hyperdopaminergia directly impairs the degree of lateralization without affecting the direction, further support the magnitude of lateralization as the relevant and informative variable for the study of asymmetry.
CONCLUSION
Mice were previously established as an unexcelled model for basic research aimed at understanding the genetic factors affecting lateralization. The present data, using genetically engineered DAT-KO mice, support the hypothesis that hyperactivity of the dopaminergic system is functionally associated to a loss of behavioral asymmetry. Furthermore, they support the model of DAT-KO mice as a major tool to understand the relationships among structural and functional asymmetries, and between impaired asymmetry and cognitive deficits, as well as to identify how these anomalies may contribute to specific psychopathological dimensions and clinical features.
